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Abstract: The mechanical behavior of graphene/polymer interfaces in the graphene-reinforced epoxy
nanocomposite is one of the factors that dictates the deformation and damage response of the
nanocomposites. In this study, hybrid molecular dynamic (MD) and finite element (FE) simulations
of a graphene/polymer nanocomposite are developed to characterize the elastic-damage behavior
of graphene/polymer interfaces under a tensile separation condition. The MD results show that the
graphene/epoxy interface behaves in the form of elastic-softening exponential regressive law. The FE
results verify the adequacy of the cohesive zone model in accurate prediction of the interface damage
behavior. The graphene/epoxy cohesive interface is characterized by normal stiffness, tensile strength,
and fracture energy of 5 × 10−8 (aPa·nm−1), 9.75 × 10−10 (nm), 2.1 × 10−10 (N·nm−1) respectively,
that is followed by an exponential regressive law with the exponent, α = 7.74. It is shown that the
commonly assumed bilinear softening law of the cohesive interface could lead up to 55% error in the
predicted separation of the interface.
Keywords: adhesives; cohesive zone model; finite element method; graphene-polymer
nanocomposite; graphene/polymer interface; molecular dynamics; regressive softening law
1. Introduction
The ever-increasing demands for the usage of graphene-reinforced polymer composites in
advanced instruments such as gas sensors, electrodes for batteries, solar cells, etc., require in-depth
mechanical characterization of these nanomaterials [1–3]. Graphene nanostructure is a two-dimensional
sheet of carbon atoms in a honeycomb hexagonal arrangement, which have shown exceptional potential
for enhancing the thermal, mechanical, and electrical properties of polymers [4–6]. The excellent
properties of the graphene sheets have motivated researchers to further explore the behavior of this
nanostructure and its composition with polymers, which require new development of experimental
methods, analytical approach, and numerical investigation [2,7–10]. The composition of graphene
and polymer creates a nanocomposite with excellent mechanical properties, which is derived not
only from the properties of the graphene and the polymer, but also from the interaction of these
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two constituent materials [2,8,11,12]. The load transfer between the reinforcement and the matrix in
a composite is strongly affected by the interface between the two phases [13–15]. Therefore, the interface
properties have a significant influence on the global behavior of nanocomposite materials, and should
be considered in the design and simulation of the nanocomposite structures [14–17].
While numerous investigations have been performed on the mechanical characterization of the
graphene, polymers, and graphene-polymer nanocomposites [4,14,18–22], a limited study was reported
on the behavior of the graphene/polymer interface [10,16,23]. The behavior of the graphene/polymer
interface is traceable to the atomic interactions between the two materials, thus could be quantified
through simulations at the atomic level [10]. Among the various atomistic approaches, molecular
dynamics (MD) and molecular structural mechanics (MSM) have been used to simulate the physical and
mechanical behaviors of graphene-polymer nanocomposites [16,21,24–26]. In addition, the atomistic
methods have been combined with the continuum-level approaches through multiscale modelling
to quantify the mechanical response of nanocomposite materials [8,27,28]. In the continuum-based
approach, the mechanical behavior of graphene-polymer nanocomposite is calculated using the
multiscale models with random distribution of graphene structures in the polymer matrix [14,22,28,29].
In these models, the graphene/polymer interface was simulated either as perfectly bonded [23], using
a spring model that behaves according to Lennard–Jones (L-J) potential [28], with the effective interface
layer model [22,30], using a linear spring model for imperfect interface [14], or with the cohesive
imperfect zone model [29]. The embedded graphene in the graphene-polymer nanocomposite exhibits
different mechanical properties compared to the isolated one because the atomic interactions cause
the formation of an imperfect bond between the polymer and the graphene [8]. Different studies
on graphene- and nanocarbon fiber-reinforced polymer matrix composites reported a significant
variation in the mechanical properties of the materials due to the Van der Waals interactions
of the nanostructure with the surrounding polymer atoms during the curing process [8,19,31].
Such interaction creates a distinct interface between the nanostructured graphene and polymer
phases, as identified by an irregular distribution of the polymer with an asymmetric density around
the nanostructured graphene.
The cohesive zone model (CZM) is often used to simulate the elastic-damage behavior of the
interface in composites at different length scales [13,16,29,32–34]. In the cohesive zone modelling,
the interface behaves with linear elastic response to damage initiation at the maximum stress level,
followed by damage evolution as represented by various forms of the softening laws [33,35–38]. In MD
simulation, the cohesive law defines the atomic interaction at the micro-/nano-interface. It has been
employed in the simulation of the deformation and fracture of graphene grain boundary [34], perfectly
flat graphene sheet interacting with polyethylene [16], and embedded-atom method potentially for
interface behavior of planar, tilt nano-grain boundary interface [39]. In addition, the hybrid MD-finite
element (FE) simulation has been used to simulate the atomistic mechanism of the grain-boundary
debonding of solid materials using the cohesive law [40]. The research has demonstrated the flexibility
of the CZM to capture the linear-nonlinear behavior of the interface in single- and multi-phase materials,
and at different length scales.
The objective of this study is to establish an accurate methodology for predicting the properties and
mechanical response of the graphene/polymer interface in graphene-reinforced epoxy nanocomposites
employing both the MD and FE simulation procedures. In the modeling process, the formation of
chemical bonding at the graphene/epoxy interface during the curing of the nanocomposite is simulated
using the MD approach. An in-house code is developed to simulate the polymer cross-linking process
during the curing of the nanocomposite. Consequently, the characteristic of the graphene/epoxy
cohesive interface under the tensile separation loading is established. The resulting properties of
this nanoscale cohesive interface are then prescribed for the cohesive elements of the FE simulation
approach. This enables the accurate FE prediction of the properties and the mechanics of deformation
of the graphene-reinforced epoxy nanocomposites in the multiscale simulation.
Polymers 2019, 11, 1435 3 of 16
2. Computational Methods
2.1. Molecular Dynamics Simulation
The elastic and damage behaviors of the graphene/polymer interface in the nanocomposite were
determined through the MD simulation of the nanocomposite. For this purpose, a representative
volume element (RVE) of the graphene-polymer nanocomposite with the specifications provided in
Table 1, was created for modelling the curing process of the polymer matrix in the presence of the
graphene. The simulation of the polymer curing process and the tensile loading of the nanocomposite
using the MD modelling are described in the following subsections.
















Process and Final NPT
Equilibration (g/cm3)
Long 4.540 × 4.520 143.653 258 86 1.1865
2.1.1. Cross-Linking of the Polymer during the Curing Process
The initial molecular model of the polymer was created in PACKMOL software. The model was
then submitted to the large scale atomic/molecular massively parallel simulator (LAMMPS) software
to model the curing process of the polymer [41,42]. The polymer matrix consists of Diglycidyl Ether
of Bisphenol F (EPON 862) and Triethylenetetramine (TETA) as the resin and hardener respectively,
with a stoichiometric ratio of 3:1. In an epoxy reaction with the hardener group, the lone pair of nitrogen
atoms is attached to the open epoxy rings. However, such an in-situ reaction could not be modelled
in the classical MD simulation based on Newton’s laws, which requires the chemical bonds and the
subsequent atomic structures to be defined prior to the simulation and remain unchanged until the
end of the process. Therefore, an algorithm was developed to simulate the reaction between hardener
and EPON through the cross-linking process. In this algorithm, the epoxy rings of the EPON molecule
were opened to form activated EPON 862, to simplify this reaction before packing, as illustrated in
Figure 1a. Then, the EPON and TETA molecules with optimized geometries were loaded with the
ratio of 390:130 inside the simulation box. This procedure was done at the density of 0.8 g/cm3 in order
to restrict the formation of unreal configuration and huge forces which occur due to the ring spearing
and atoms overlapping [43,44]. The density of the molecular system was increased to the real density
through the initial equilibration level by the isothermal-isobaric ensemble (NPT) [23,45,46]. Figure 1b
shows the variation of the RVE density with respect to the simulation time after the initial equilibration.
The curing process was performed subsequently on this equilibrated molecular system.
In the modelling of the nanocomposites RVE, the graphene sheet was inserted along the x-y
plane such that its center-of-mass is placed on the center of the simulation box, while the polymer
molecules were positioned around the graphene sheet. Subsequently, the curing process was applied
through the static cross-linking procedure [43,47,48]. This was executed through a written FORTRAN
programming code, and compiled in the Linux platform. The code consists of the following steps:
1. It was assumed that the primary and secondary amines have the same reactivity with the reaction
cutoff distance of 5 Ǻ.
2. The system was checked for the bond formation at every 50 ps after each equilibration.
3. The constants in the equation of the newly-formed bonds were decreased in the first equilibration
level and progressively elevated to the real values [47].
4. The outputs were examined to update the topology parameters according to the new bonds.
5. An annealing process was implemented to release the residual stresses. In this process,
the temperature was increased to 450 K and then cooled to 300 K gradually over 2 × 106 time-steps.
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6. Steps 2 through 5 were iterated to obtain about 80% cross-linking.
7. Finally, the last NPT equilibration in an interval time of 3 ns was applied to the RVE.
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Figure 1. (a) Molecular structure of the polymer matrix used in the molecular dynamics (MD)
simulation, (b) variation of RVE density against time after the initial isothermal-isobaric ensemble
(NPT) equilibration.
The MD simulation procedure of the curing process is verified by comparing the predicted elastic
properties of the epoxy polymer with those of measured values. In this process, an RVE of the epoxy
polymer is created and cured to establish the intrinsic properties. The cured epoxy model is then
loaded in tension to establish the force-displacement response in the elastic range, thus the elastic
properties of the polymer could be determined. The details of the modelling steps are discussed
elsewhere [31]. The close comparison of the predicted and measured properties [49,50], as listed in
Table 2, serves to validate the MD modelling of the curing process.
Table 2. Properties of the epoxy polymer obtained from the MD simulation and experiments.
Parameter MD Simulation Experiments
Density, g/cm3 1.14 1.16
Poisson’s ratio 0.39 0.3–0.4
Young’s modulus, GPa 2.77 2.4–3.4
Shear modulus, GPa 1.03 1.0–1.5
2.1.2. Tensile Separation Process
The MD simulation of the graphene-polymer nanocomposite under tensile loading was performed
using LAMMPS software [42] with a pair cut-off distance of 12 Ǻ and a time step size of 1 fs.
The graphene was modelled based on the Adaptive Intermolecular Reactive Empirical Bond Order














where, VREBOij is the Reactive Empirical Bond Order (REBO) potential by Brenner, V
LJ
i j defines
longer-ranged interactions (2 < r < cutoff) by an equation similar to standard L-J potential, and VTORSIONkijl
describes different explicit 4-body dihedral angles [52].
The polymer matrix and the Van der Waals interactions between the graphene and polymer atoms
were simulated based on the ab initio polymer consistent force field (PCFF) [23,53,54]. The PCFF force
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field is able to accurately represent the interactions between the sp2 carbon atoms of graphene and
all of the polymer atoms in the condensed graphene-polymer nanocomposites [23,54]. In the PCFF
force field, the non-bonded Van der Waals interaction between the same type atoms (denoted by ii) is













r < rc (2)
where, V is the interaction energy, σ represents the distance at which the interatomic interactions are
zero, ε is the depth of the potential well, and r and rc are inter atomic and cutoff distances, respectively.
In computational chemistry, the interaction energy between two dissimilar non-bonded atoms is
obtained using the mixing rule [55]. Therefore, the values of ε and σ for two atoms of different types of

























The RVE was modelled as a long structure of embedded graphene in the epoxy matrix,
with a specified periodic boundary condition [31], as shown in Figure 2. In this model, the temperature
was equilibrated at 300 K and the pressure was adjusted to one atmosphere in all directions,
using the Nose–Hoover style of non-Hamiltonian equations of motion. Consequently, the pressure
was maintained uniform and equal in the x- and y-directions (graphene in-plane directions),
and independently in the z-direction. The MD simulation of the nanocomposite RVE is used to
establish the evolution of stress with the tensile deformation of the graphene/polymer interface.
The polymer atoms of the model, as shown in Figure 2, are displaced along the z-direction, such that
the distance between any two layers of the atom in the x-y-plane remains fixed. The atoms in a plane
are free to move in the x-y-plane. Under this periodic boundary condition, the RVE box dimension
is displaced in the Z-direction with a rate of 10−7 ns−1, the other faces were maintained under one
atmospheric pressure [56,57].
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where, ti and δi are the traction and separation at an interface point, and indices 3, 1, and 2 refer to
mode I (normal) load, mode II, and mode III (shear) loadings, respectively. The parameter ki represents
the cohesive stiffness of the interface in the respective load direction. In this study, the pure tensile
loading mode was considered, thus the traction-displacement relation could be simplified to t3 = k3δ3.
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2.2.2. Damage Initiation and Propagation Criterion
A quadratic stress-based criterion was used to indicate the damage initiation in the mixed mode
condition as: √ t3T03








where, T0i represents the cohesive strength, and d is the damage initiation variable. The variable d
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= d, The total energy dissipated during the
elastic-softening deformation of the interface, as represented by the area under the traction-displacement
curve, represents the critical strain energy release rate, (GIC, Figure 3). This is also representing the
fracture energy of the interface which is fixed for any softening law being used for the analysis.




tidδi i = 1, 2, 3 (7)
where, δi
f
m is the relative displacement at failure. This displacement is a dependent parameter to the
type of interface softening process, as shown in Figure 3. The graphene-polymer interface behavior in
this study was computed using the regressive softening law in an exponential decay form. The damage

















i = 1, 2, 3 (8)
where, α is a non-dimensional interface parameter that determined by the rate of damage evolution.
This parameter was calculated from the exponential decay curve of the interface softening behavior
through the MD simulation of the graphene-polymer interface.
2.2.3. Finite Element Simulation
The geometrical model of the RVE consisting of a graphene sheet bonded by two blocks of
epoxy polymer is shown in Figure 4a. The geometrical properties of the nanocomposite model are as
provided in Table 1. The interface thickness was determined from the MD simulation of the curing
process (see Section 3.1). Due to the symmetry of the RVE model, only one-half of the model with
one-half thickness of the graphene layer was represented in the FE simulation. The graphene layer and
the polymer block were discretized using continuum elements (8-node, linear, reduced integration
elements (C3D8R)). A layer of 8-node cohesive elements (COH3D8) were employed to represent the
graphene/epoxy interface, as illustrated in Figure 4b. A mesh convergence study was performed to
ensure that the FE-calculated variables are independent of the size of the elements. This resulted in
small-size elements in the region next to the interface and gradually larger elements away from the
interface. In addition, the FE model was partitioned into different volumes, each discretized with
a slightly different mesh density to avoid the effects of symmetrical mesh distribution on the computed
results [61].
The hyper-elastic behavior of the epoxy and the properties of the graphene used in the FE
simulation were reported elsewhere [8]. The properties of the CZM were obtained through the MD
simulation (see Section 3.2), performed prior to the FE analysis. A symmetric boundary condition
was assigned to the outer surface of the graphene later, as illustrated in Figure 4b. A reference point
Polymers 2019, 11, 1435 8 of 16
was identified at the centroid of the polymer block to “tie” all the elements of the polymer. A global
displacement in the z-direction is prescribed for the reference point so as to reproduce identical
loading conditions that were used in the MD simulation. The traction-displacement curve of the
graphene/epoxy interface could then be extracted.Polymers 2019, 11, x FOR PEER REVIEW 8 of 16 
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3. Results and Discussion
computational r sults of the graphene-polymer nanocomposite model, performed in MD and
FE simulation environm nts, are presented and discuss d in t following su sections. The mechanics
of deformation of the graphene/poly er interface under the tensile loading is described. The validati
aspect of the FE simulation pproach in capturing the physics of the int rface failure process
is deliberated.
3.1. Thickness of the Graphene and Graphene/Polymer Interface
The d nsit profile of the epoxy polymer ross the cured polymer/graphene/polymer phases of the
RVE model is shown in Figure 5. The average density of the epoxy is estimated at 1.17 × 1012 ng/nm3, as
illustrated by the dashed line and without considering the density readings below 0.65 × 1012 ng/nm3.
It is noted that a 0.3% variation of the average density of the epoxy is calculated over the sampling
distance of 7 nm, particularly contributed by the higher density gradient next to the graphene/polymer
interface. The polymer density diminishes to zero across a small gap to the location of the graphene.
This density gradient indicates the non-uniform distribution of the polymer atoms in the nearby
graphene/polymer interface.Polymers 2019, 11, x FOR PEER REVIEW 9 of 16 
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The profile was used to establish the boundary of the graphene and polymer constituents. The RVE
was segmented into equal spacing of 0.05 nm along the z-direction (across the graphene/polymer
interface). A zero-density gap with a thickness of 0.40 nm was determined at the central location of the
nanocomposite RVE. The graphene thickness was assumed to be similar to the distance between the
graphene sheets in the graphite structure (0.34 nm) and located in the middle of the nanocomposite
RVE. Thus, the graphene/epoxy interface thickness on each side of the graphene is determined as
having the thickness of 0.03 nm. The epoxy matrix on each side of the graphene was considered as
3.3 nm-thick with the cross-sectional area of 4.52 × 4.54 nm2 (see Table 1) for the RVE. The calculated
thickness of the graphene/epoxy interface will be used in the FE model of the RVE with finite-thickness
cohesive elements.
3.2. Nanomechanical Behaviors of Graphene/Polymer Interface
The nanomechanical behavior of the graphene/epoxy interface, predicted using the MD simulation,
is shown by the stress-displacement curve in Figure 6a. The results showed that, throughout the applied
tensile loading (displacement-controlled), a non-linear increase in the interface stress to the peak level
of 9.75 × 10−10 aPa is achieved. The stress decreases exponentially with the continuous displacement.
A similar cohesive stress-displacement response with a nonlinear spring model was predicted for
the interface of a pristine graphene/one-layer polymer using the MD approach [10,16]. At the atomic
level, the interaction between the neighboring atoms could be described in terms of the interaction
energy, as shown in Figure 6b, for two atoms with ε = 3.4 Å and σ = 10 meV. The interaction energy
level is at a minimum (also known as the potential well) when the atoms are at their equilibrium
distance apart, such that the cohesive (attractive) and repulsive forces between the atoms are balanced.
Under the applied separation forces, the interaction energy decreases in an exponential manner, but the
energy is restored upon unloading. If the loading continued, the separation energy would diminish to
zero, denoting the atomic separation. The inflection point denotes the minimum interaction force as
represented by the slope of the energy-distance curve (Figure 6b). Beyond this distance, the required
interaction force of atomic separation that diminish exponentially could be interpreted as representing
the degradation of the bond strength.
Analogously, while the initial deformation of the graphene/epoxy interface is elastic, beyond
the displacement corresponding to the peak stress the decreasing stress-displacement curve also
exhibits an exponential decay form, and constitutes of both recoverable and irrecoverable components
(Figure 6a). Only when the tensile separation is large enough, the stress completely diminishes
to cause the separation of the interface material point. The exponential decrease portion of the
stress-displacement curve, as predicted by the MD simulation, is postulated to adequately represent
the softening behavior of the cohesive graphene/epoxy interface at the continuum scale. Consequently,
the softening characteristic of the CZM (see Figure 3) for the interface could be established based on the
exponential decay curve, as illustrated in Figure 6c. The corresponding rate of the decay, as described
in Equation (8), is characterized by the exponent, α = 7.74.
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Graphene/epoxy interface properties: The elastic properties of the interface were also determined
from the MD-calculated stress-displacement curve of Figure 6a. The interface tensile strength, To3,
is defined by the peak stress level while the corresponding displacement represents the value at the
onset of interface damage, δo33. The initial tangential slope of the stress-displacement curve defines
the penalty stiffness, k3, of the interface. The area bounded by the curve represents the critical strain
energy release rate, GIC, for the tensile loading mode, which could be calculated by Equation (7).
These properties along with the parameters of the exponential softening law are used to define the
graphene/epoxy cohesive interface behavior for the FE simulation. The property values are listed in
Table 3.
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Table 3. The elastic and damage properties of graphene/polymer cohesive interface.
Parameter Symbol (Unit) Value
Tensile stiffness k3, (aPa·nm−1) 5 × 10−8
Tensile strength T03 , (aPa) 9.75 × 10
−10
Displacement at damage initiation δo33, (nm) 0.0653
Displacement at separation δ f33, (nm) 0.8
Exponent for the regressive softening law, (Equation (8)) α 7.74
Critical Mode I strain energy release rate GIC, (N·nm−1) 2.1 × 10−10
3.3. Response of the Graphene/Epoxy Interface Model
The FE-calculated stress-displacement response of the graphene/epoxy cohesive interface using
the properties listed in Table 3 is shown in Figure 7. The close correlation of the CZM response with the
input response from the MD simulation, with less than 3% difference, served to verify that appropriate
procedures were employed in developing the FE model. The deviation is likely due to the different
types of boundary condition specified for the MD and FE model resulting in slightly different stress
levels for the onset of damage in each case. The intrinsic exponential-decay cohesive response of
the graphene/epoxy interface, as established by the MD simulation, is faithfully reproduced by the
FE model.
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Figure 7. Comparison of the FE and MD stress-displacement response of the graphene/polymer interface.
In the absence of the MD-predicted exponential regressive behavior, a bilinear softening law is often
employed as an estimate of the cohesive interface behavior. The response of the FE model with a bilinear
softening law specified for the cohesive interface was examined. The CZM properties of tensile strength,
penalty stiffness, and the critical Mode I strain energy release rate is maintained in the simulation to
acknowledge the same physical interface. The resulting stress-displacement curves are compared in
Figure 8. Results show that while insignificant differences of the elastic load-displacement response were
displayed, the stress evolution during the damage process significantly differs. The bilinear softening
law predicted a higher interface stress than the exponential regressive law by 25%, corresponding to
the tensile displacement of 0.2 nm. In addition, the bilinear softening law would also predict an earlier
separation of the cohesive interface. The interface separation is calculated at the displacement of
0.36 nm using the linear softening law, which corresponds to a 55% difference when compared to
the prediction by the regressive softening rule of the interface at the displacement of 0.80 nm. Thus,
the use of an inaccurate softening law and properties of the cohesive interface could lead to erroneous
predicted properties, and the corresponding deformation mechanics and the failure process of the
graphene-epoxy polymer nanocomposite.
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The energy released by the graphene/epoxy interface during the interface failure process under
the applied tensile loading is termed the damage dissipation energy (DDE). The evolution of the total
DDE, for all the cohesive interface elements of the model with the two different softening laws of
the cohesive interface, is compared in Figure 9. The DDE started to accumulate when the damage
initiated at the attainment of the maximum load, corresponding to the damage initiation displacement,
δo. The calculated evolution of the DDE follows the prescribed form of the regressive softening
process, as illustrated in the figure. The initial rate of the energy dissipation is faster for the cohesive
interface with exponential regressive than that of the linear softening law, as reflected by the initial
slope of the curve. The evolving DDE saturates to a constant level when reaching the separation of the
graphene/epoxy cohesive interface.
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4. Conclusions
The deformation and failure process of the graphene-polymer nanocomposites could be quantified
throug the FE simulation with the cohesive interface elements. Th missing intrinsic pr perties
and behavior f t e cohesive interface could b determined from the MD simulation of the curing
and subsequent loading f t nanocomposite RVE. This pap r has emonstrated the procedures in
establishi g the intrinsic regressive softe ing law for th cohesive interface of the graphene/ poxy
nanocomposites. Results show that the graphen /epoxy interface has a thickness of 0.03 nm, based n t
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density variation of the polymer across the graphene/epoxy interphase. Upon tensile loading of the RVE,
an exponential-decay form of the cohesive interatomic forces was established. Analogously, the cohesive
interface was described by the exponential regression law with the exponent, α = 7.74. The assumed
bilinear softening law of the cohesive interface, commonly employed in the microscale FE simulation
of the nanocomposite behavior, could lead to erroneous results when compared to the MD-calculated
exponential regression law. This was demonstrated by the different traction-displacement curves and
the evolution of DDE to tensile separation of the graphene/epoxy interface of the nanocomposite RVE.
A 55% difference in the predicted displacement at the separation of the interface was calculated when
the bilinear softening law was assumed, compared to that using the exponential regressive damage
law of the cohesive interface.
Author Contributions: Conceptualization, S.S.R.K., S.M.R.-K., A.K. and M.N.T.; methodology, S.S.R.K., S.M.R.-K.
and A.K.; software, S.S.R.K. and S.M.R.-K.; validation, S.S.R.K., S.M.R.-K. and M.N.T.; formal analysis, S.S.R.K.,
S.M.R.-K., A.K. and M.N.T.; investigation, S.S.R.K., S.M.R.-K., A.K. and M.N.T.; writing—original draft preparation,
S.S.R.K., S.M.R.-K., A.K.; writing—review and editing, S.S.R.K., A.K., M.N.T. and M.H.; supervision, M.N.T., M.H.
and M.P.; project administration, S.S.R.K., M.N.T. and M.P.; funding acquisition, M.N.T., M.H. and M.P.
Funding: This work is funded by the Aerospace Malaysia Innovation Centre (AMIC) and the Universiti Teknologi
Malaysia (UTM) under the Project No. AMIC/AM/P02-01 (UTM Grant No. 4C089 and 01M01, respectively),
for the projects: “Advanced Testing of Laminated Composites for Aerospace Parts and Assemblies” and “Damage
Assessment of Laminated Composites by Digital Image Correlation Technique”. It is also partially supported by
the Ministry of Education, Youth and Sports of the Czech Republic and the European Union (European Structural
and Investment Funds–Operational Programme Research, Development and Education) in the frames of the
project “Modular platform for autonomous chassis of specialized electric vehicles for freight and equipment
transportation”, Reg. No. CZ.02.1.01/0.0/0.0/16_025/0007293.
Acknowledgments: A. Karimzadeh is a researcher of UTM under the Post-Doctoral Fellowship Scheme of
Posdoc-Q.J130000.21A2.04E49.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Du, Y.; Li, D.; Liu, L.; Gai, G. Recent achievements of self-healing graphene/polymer composites. Polymers
2018, 10, 114. [CrossRef] [PubMed]
2. Meng, F.; Huang, F.; Guo, Y.; Chen, J.; Chen, X.; Hui, D.; He, P.; Zhou, X.; Zhou, Z. In situ intercalation
polymerization approach to polyamide-6/graphite nanoflakes for enhanced thermal conductivity. Compos. Part
B Eng. 2017, 117, 165–173. [CrossRef]
3. Meng, F.; Zhong, J.; Chen, Y.; Liu, X. The influence of cross-linking reaction on the mechanical and thermal
properties of polyarylene ether nitrile. J. Appl. Polym. Sci. 2011, 120, 1822–1828. [CrossRef]
4. Kim, H.; Abdala, A.A.; Macosko, C.W. Graphene/polymer nanocomposites. Macromolecules 2010, 43, 6515–6530.
[CrossRef]
5. Stankovich, S.; Dikin, D.A.; Dommett, G.H.B.; Kohlhaas, K.M.; Zimney, E.J.; Stach, E.A.; Piner, R.D.;
Nguyen, S.T.; Ruoff, R.S. Graphene-based composite materials. Nature 2006, 442, 282. [CrossRef] [PubMed]
6. Huang, C.-L.; Wu, H.-H.; Jeng, Y.-C.; Liang, W.-Z. Electrospun graphene nanosheet-filled poly(trimethylene
terephthalate) composite fibers: Effects of the graphene nanosheet content on morphologies, electrical
conductivity, crystallization behavior, and mechanical properties. Polymers 2019, 11, 164. [CrossRef]
7. Kim, S.; Do, I.; Drzal, L.T. Multifunctional xgnp/lldpe nanocomposites prepared by solution compounding
using various screw rotating systems. Macromol. Mater. Eng. 2009, 294, 196–205. [CrossRef]
8. Rahimian-Koloor, S.M.; Moshrefzadeh-Sani, H.; Hashemianzadeh, S.M.; Shokrieh, M.M. The effective
stiffness of an embedded graphene in a polymeric matrix. Curr. Appl. Phys. 2018, 18, 559–566. [CrossRef]
9. Díez-Pascual, M.A.; Luceño Sánchez, A.J.; Peña Capilla, R.; García Díaz, P. Recent developments in
graphene/polymer nanocomposites for application in polymer solar cells. Polymers 2018, 10, 217. [CrossRef]
10. Dewapriya, M.A.N.; Rajapakse, R.K.N.D. Development of a homogenous nonlinear spring model
characterizing the interfacial adhesion properties of graphene with surface defects. Compos. Part B Eng. 2016,
98, 339–349. [CrossRef]
11. Ahmad, A.I.; Koziol, K.K.; Deveci, S.; Kim, H.-K.; Kumar, V.R. Advancing the use of high-performance
graphene-based multimodal polymer nanocomposite at scale. Nanomaterials 2018, 8, 947. [CrossRef] [PubMed]
Polymers 2019, 11, 1435 14 of 16
12. Meng, F.; Ishida, H.; Liu, X. Introduction of benzoxazine onto the graphene oxide surface by click chemistry
and the properties of graphene oxide reinforced polybenzoxazine nanohybrids. RSC Adv. 2014, 4, 9471–9475.
[CrossRef]
13. Agnihotri, P.K.; Kar, K.K.; Basu, S. Cohesive zone model of carbon nanotube-coated carbon fiber/polyester
composites. Model. Simul. Mater. Sci. Eng. 2012, 20, 035014. [CrossRef]
14. Azoti, W.L.; Elmarakbi, A. Multiscale modelling of graphene platelets-based nanocomposite materials.
Compos. Struct. 2017, 168, 313–321. [CrossRef]
15. Dandekar, C.R.; Shin, Y.C. Molecular dynamics based cohesive zone law for describing al–sic interface
mechanics. Compos. Part A Appl. Sci. Manuf. 2011, 42, 355–363. [CrossRef]
16. Awasthi, A.P.; Lagoudas, D.C.; Hammerand, D.C. Modeling of graphene–polymer interfacial mechanical
behavior using molecular dynamics. Model. Simul. Mater. Sci. Eng. 2008, 17, 015002. [CrossRef]
17. Kolanthai, E.; Bose, S.; Bhagyashree, K.S.; Bhat, S.V.; Asokan, K.; Kanjilal, D.; Chatterjee, K. Graphene scavenges
free radicals to synergistically enhance structural properties in a gamma-irradiated polyethylene composite
through enhanced interfacial interactions. Phys. Chem. Chem. Phys. 2015, 17, 22900–22910. [CrossRef]
18. Ji, X.-Y.; Cao, Y.-P.; Feng, X.-Q. Micromechanics prediction of the effective elastic moduli of graphene
sheet-reinforced polymer nanocomposites. Model. Simul. Mater. Sci. Eng. 2010, 18, 045005. [CrossRef]
19. Shiu, S.-C.; Tsai, J.-L. Characterizing thermal and mechanical properties of graphene/epoxy nanocomposites.
Compos. Part B Eng. 2014, 56, 691–697. [CrossRef]
20. Tsai, J.-L.; Tu, J.-F. Characterizing mechanical properties of graphite using molecular dynamics simulation.
Mater. Des. 2010, 31, 194–199. [CrossRef]
21. Firouz-Abadi, R.D.; Moshrefzadeh-Sany, H.; Mohammadkhani, H.; Sarmadi, M. A modified molecular
structural mechanics model for the buckling analysis of single layer graphene sheet. Solid State Commun.
2016, 225, 12–16. [CrossRef]
22. Pontefisso, A.; Mishnaevsky, L. Nanomorphology of graphene and cnt reinforced polymer and its effect on
damage: Micromechanical numerical study. Compos. Part B Eng. 2016, 96, 338–349. [CrossRef]
23. Liu, F.; Hu, N.; Han, M.; Atobe, S.; Ning, H.; Liu, Y.; Wu, L. Investigation of interfacial mechanical properties
of graphene-polymer nanocomposites. Mol. Simul. 2016, 42, 1165–1170. [CrossRef]
24. Lin, F.; Xiang, Y.; Shen, H.-S. Temperature dependent mechanical properties of graphene reinforced polymer
nanocomposites – a molecular dynamics simulation. Compos. Part B Eng. 2017, 111, 261–269. [CrossRef]
25. Hosseini Kordkheili, S.A.; Moshrefzadeh-Sani, H. Mechanical properties of double-layered graphene sheets.
Comput. Mater. Sci. 2013, 69, 335–343. [CrossRef]
26. Rissanou, N.A.; Power, J.A.; Harmandaris, V. Structural and dynamical properties of polyethylene/graphene
nanocomposites through molecular dynamics simulations. Polymers 2015, 7, 390–417. [CrossRef]
27. Tsai, J.-L.; Tzeng, S.-H.; Chiu, Y.-T. Characterizing elastic properties of carbon nanotubes/polyimide
nanocomposites using multi-scale simulation. Compos. Part B Eng. 2010, 41, 106–115. [CrossRef]
28. Montazeri, A.; Rafii-Tabar, H. Multiscale modeling of graphene- and nanotube-based reinforced polymer
nanocomposites. Phys. Lett. A 2011, 375, 4034–4040. [CrossRef]
29. Taherzadeh, M.; Baghani, M.; Baniassadi, M.; Abrinia, K.; Safdari, M. Modeling and homogenization of
shape memory polymer nanocomposites. Compos. Part B Eng. 2016, 91, 36–43. [CrossRef]
30. Dai, G.; Mishnaevsky, L. Graphene reinforced nanocomposites: 3d simulation of damage and fracture.
Comput. Mater. Sci. 2014, 95, 684–692. [CrossRef]
31. Rahimian-Koloor, S.M.; Moshrefzadeh-Sani, H.; Shokrieh, M.M.; Hashemianzadeh, S.M. On the behavior
of isolated and embedded carbon nano-tubes in a polymeric matrix. Mater. Res. Express 2018, 5, 025019.
[CrossRef]
32. Elices, M.; Guinea, G.V.; Gómez, J.; Planas, J. The cohesive zone model: Advantages, limitations and
challenges. Eng. Fract. Mech. 2002, 69, 137–163. [CrossRef]
33. Koloor, S.S.R.; Tamin, M.N. Mode-ii interlaminar fracture and crack-jump phenomenon in cfrp composite
laminate materials. Compos. Struct. 2018, 204, 594–606. [CrossRef]
34. Guin, L.; Raphanel, J.L.; Kysar, J.W. Atomistically derived cohesive zone model of intergranular fracture in
polycrystalline graphene. J. Appl. Phys. 2016, 119, 245107. [CrossRef]
35. Dávila, C.G.; Camanho, P.P. Analysis of the Effects of Residual Strains and Defects on Skin/Stiffener Debonding
Using Decohesion Elements; NASA Langley Research Center: Hampton, VA, USA; Norfolk, VA, USA, 2003.
Polymers 2019, 11, 1435 15 of 16
36. Campilho, R.D.S.G.; Banea, M.D.; Neto, J.A.B.P.; da Silva, L.F.M. Modelling adhesive joints with cohesive
zone models: Effect of the cohesive law shape of the adhesive layer. Int. J. Adhes. Adhes. 2013, 44, 48–56.
[CrossRef]
37. ASTM. Astm d5528–13, Standard Test Method for Mode i Interlaminar Fracture Toughness of Unidirectional
Fiber-Reinforced Polymer Matrix Composites; ASTM International: West Conshohocken, PA, USA, 2013.
38. ASTM. Astm d7905/d7905m-14, Standard Test Method for Determination of the Mode ii Interlaminar Fracture
Toughness of Unidirectional Fiber-Reinforced Polymer Matrix Composites; ASTM International: West Conshohocken,
PA, USA, 2014.
39. Spearot, D.E.; Jacob, K.I.; McDowell, D.L. Non-local separation constitutive laws for interfaces and their
relation to nanoscale simulations. Mech. Mater. 2004, 36, 825–847. [CrossRef]
40. Yamakov, V.; Saether, E.; Glaessgen, E.H. Multiscale modeling of intergranular fracture in aluminum:
Constitutive relation for interface debonding. J. Mater. Sci. 2008, 43, 7488–7494. [CrossRef]
41. Martínez, L.; Andrade, R.; Birgin, E.G.; Martínez, J.M. Packmol: A package for building initial configurations
for molecular dynamics simulations. J. Comput. Chem. 2009, 30, 2157–2164. [CrossRef] [PubMed]
42. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 1995, 117, 1–19.
[CrossRef]
43. Hadden, C.M.; Jensen, B.D.; Bandyopadhyay, A.; Odegard, G.M.; Koo, A.; Liang, R. Molecular modeling
of epon-862/graphite composites: Interfacial characteristics for multiple crosslink densities. Compos. Sci.
Technol. 2013, 76, 92–99. [CrossRef]
44. Aghadavoudi, F.; Golestanian, H.; Tadi Beni, Y. Investigating the effects of resin crosslinking ratio on
mechanical properties of epoxy-based nanocomposites using molecular dynamics. Polym. Compos. 2017,
38, E433–E442. [CrossRef]
45. Alian, A.R.; Meguid, S.A. Molecular dynamics simulations of the effect of waviness and agglomeration
of cnts on interface strength of thermoset nanocomposites. Phys. Chem. Chem. Phys. 2017, 19, 4426–4434.
[CrossRef] [PubMed]
46. Alian, A.R.; Kundalwal, S.I.; Meguid, S.A. Multiscale modeling of carbon nanotube epoxy composites.
Polymer 2015, 70, 149–160. [CrossRef]
47. Varshney, V.; Patnaik, S.S.; Roy, A.K.; Farmer, B.L. A molecular dynamics study of epoxy-based networks:
Cross-linking procedure and prediction of molecular and material properties. Macromolecules 2008,
41, 6837–6842. [CrossRef]
48. Yarovsky, I.; Evans, E. Computer simulation of structure and properties of crosslinked polymers: Application
to epoxy resins. Polymer 2002, 43, 963–969. [CrossRef]
49. Brown, E.N.; White, S.R.; Sottos, N.R. Microcapsule induced toughening in a self-healing polymer composite.
J. Mater. Sci. 2004, 39, 1703–1710. [CrossRef]
50. Garcia, F.G.; Soares, B.G.; Pita, V.J.R.R.; Sánchez, R.; Rieumont, J. Mechanical properties of epoxy networks
based on dgeba and aliphatic amines. J. Appl. Polym. Sci. 2007, 106, 2047–2055. [CrossRef]
51. Vijayaraghavan, V.; Wong, C.H. Temperature, defect and size effect on the elastic properties of imperfectly
straight carbon nanotubes by using molecular dynamics simulation. Comput. Mater. Sci. 2013, 71, 184–191.
[CrossRef]
52. Stuart, S.J.; Tutein, A.B.; Harrison, J.A. A reactive potential for hydrocarbons with intermolecular interactions.
J. Chem. Phys. 2000, 112, 6472–6486. [CrossRef]
53. Sun, H.; Mumby, S.J.; Maple, J.R.; Hagler, A.T. An ab initio cff93 all-atom force field for polycarbonates. J. Am.
Chem. Soc. 1994, 116, 2978–2987. [CrossRef]
54. Lordi, V.; Yao, N. Molecular mechanics of binding in carbon-nanotube–polymer composites. J. Mater. Res.
2000, 15, 2770–2779. [CrossRef]
55. Desgranges, C.; Delhommelle, J. Evaluation of the grand-canonical partition function using expanded
wang-landau simulations. Iii. Impact of combining rules on mixtures properties. J. Chem. Phys. 2014,
140, 104109. [CrossRef] [PubMed]
56. Shenogina, N.B.; Tsige, M.; Patnaik, S.S.; Mukhopadhyay, S.M. Molecular modeling of elastic properties of
thermosetting polymers using a dynamic deformation approach. Polymer 2013, 54, 3370–3376. [CrossRef]
57. Yang, S.; Yu, S.; Cho, M. Influence of thrower–stone–wales defects on the interfacial properties of carbon
nanotube/polypropylene composites by a molecular dynamics approach. Carbon 2013, 55, 133–143. [CrossRef]
Polymers 2019, 11, 1435 16 of 16
58. Lu, Q.; Bhattacharya, B. The role of atomistic simulations in probing the small-scale aspects of fracture—A case
study on a single-walled carbon nanotube. Eng. Fract. Mech. 2005, 72, 2037–2071. [CrossRef]
59. Martyna, G.J.; Tobias, D.J.; Klein, M.L. Constant pressure molecular dynamics algorithms. J. Chem. Phys.
1994, 101, 4177–4189. [CrossRef]
60. Dassault Systemes. Abaqus Documentation; Dassault Systemes: Vélizy-Villacoublay, France, 2009.
61. Koloor, S.S.R.; Ayatollahi, M.; Tamin, M. Elastic-damage deformation response of fiber-reinforced polymer
composite laminates with lamina interfaces. J. Reinf. Plast. Compos. 2017, 36, 832–849. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
